By applying the 'wheel-and-axle' host concept and incorporating a previously developed heteroaromatic substitution strategy, a new type of diol hosts featuring two di(benzo [b]thien-2-yl)hydroxymethyl units attached to both ends of a central ethynylene (3) and 1,4-phenylene (4) moiety is reported. The syntheses of the host compounds are described and solvent inclusion formation via crystallization has extensively been studied showing a remarkable inclusion capability of the compounds. X-ray diffraction analysis of relevant crystal structures have been performed and comparatively discussed. Vapor sorption behavior of the compounds as solid receptor films coated on a quartz crystal microbalance considering a variety of solvent vapors has been scrutinized, indicating potential application as mass sensitive materials.
INTRODUCTION
With reference to aspects of crystal engineering 1-3 aiming at applications such as compound separation and storage, 4-7 crystalline hosts derived from coordinato-clathrate 8,9 and wheel-and-axle 10,11 strategies are a major success. In a prototype structure, they feature two bulky diarylhydroxymethyl moieties attached to a central linear building element. A variety of structures corresponding to this general line of molecular design have been performed. 12 They involve varied expansions of the central rigid axis 13, 14 or increase of the terminal groups including additional substituents. 15, 16 Only recently, a further structural variation viz. the replacement of the terminal aryl moieties by heteroaromatic units has been carried out. 17 Thereby, substitutions of phenyl groups in the parent structure 1 18,19 against 2-pyridyl or 2-thienyl residues ( Fig. 1 ) have been executed. As a result, in the case of the 2-pyridyl analogue, a distinct decline of the property to include organic guest molecules in the crystalline state is observed, ascribed to a decreased affinity of the hydroxyl groups to guests by reason of intermolecular O-H···N hydrogen bonding. On the other side, the situation is a different one for the 2-thienyl derivative 2 ( Fig. 1) lacking of a similar intramolecular interaction that prevent guest binding and, thus, showing a more pronounced inclusion of organic guests. Host 2 is not as versatile in its inclusion behavior as 1, though features an improved selectivity in inclusion formation. 17 In order to elaborate this characteristic, we intended to increase the steric demand of the terminal groups while retaining the thiophene building element. This has given rise to the design of the potential host compounds 3 and 4 ( Chemical formula structures of the studied diol hosts 3 and 4 including compounds of comparison (1, 2) and specification of corresponding inclusion compounds.
Here, we present the synthesis of the new compounds 3 and 4, thoroughly report on their solid state inclusion behavior towards organic guests and provide a detailed discussion of their crystal structures. Thereby, the effect of the modified building elements is studied compared to previous model compounds. Moreover, compounds 3 and 4 have also been tested as solid coatings of a quartz crystal microbalance (QCM) 20 to reveal their potential in organic vapor sorption. demanding as compared to 3 featuring a slim ethynylene unit. All of these parameters should influence the inclusion of guest molecules making quite a distinction between 2 and 3 or 4, which is examined in the following.
RESULTS AND DISCUSSION
Hence, 3 and 4 were crystallized from a series of solvents corresponding to those used for 2 17 that range from dipolar protic (alcohols, amines) via dipolar aprotic (DMSO, DMF, EtOAc, pyridine) to largely apolar species (chloroform, 1,4-dioxane, toluene) and involve solvents of acyclic and cyclic as well as aliphatic and aromatic or heteroaromatic nature. Both detailed specification of the solvents and findings obtained from this study are listed in Table 1 . For comparison reasons, results previously achieved from 2 are also stated in the table. It emerges that both 3 and 4 are clearly superior to 2 (6 hits) in the number of inclusion compounds formed in the frame of the used solvents, although 4 (10 hits) is a little less efficient in comparison to 3 (12 hits). Another noticeable fact resulting from Table 1 is that both, 3 and 4, feature a definite preference to include the solvents in a 1:2 host:guest stoichiometry, while 2 crystallizes with solvents in varying stoichiometries ranging between 2:1, 1:1 and 1:2. Single exceptions for 3 and 4 are only the inclusions with EtOAc showing 1:1 and 3:2 stoichiometric ratios, respectively. Thus, correspondence of the 1:2 host:guest stoichiometric ratio with the bifunctionality of the host suggests, that in the inclusion compounds of 3 and 4 the number of host hydroxyls corresponds with the number of guest solvents. Despite the great many of inclusion compounds that have been isolated both of 3 and 4, inclusion seems to be limited to protic and distinctly polar solvents whereas apolar solvents are refrained from being included. This is another clear indication of the relevance of the host hydroxyl groups to guest binding.
Although 3 and 4 are virtually conformable in the inclusion of aprotic polar solvents, there are distinct differences in their behavior considering protic guest species. This becomes obvious in the inclusion of alcohols, in particular with reference to the more voluminous alcohols nPrOH and n-BuOH being accommodated in the crystal lattice of 3 unlike that of 4.
Remarkably, in this specific property, 3 is equivalent to the parent thiophene analogue 2 also yielding inclusion crystals of 1:2 host:guest stoichiometry. Hence, both uniformity and obvious differences distinguishing the inclusion behavior of 3 and 4, incorporating that of the previously reported parent host analogue 2, 17 justify a detailed X-ray crystallographic structural study performed of selected inclusion compounds obtained from 3 and 4.
X-ray Structural Study. Crystalline inclusion compounds which have been studied via X-ray structural analysis involve 3a (3 · n-BuOH), 3b (3 · pyrrolidine), 3c (3 · acetone), 3d (3 · DMSO), 3e (3 · DMF), 3f (3 · THF) as well as 4a (4 · diethylamine), 4b (4 · pyrrolidine), 4c
(4 · acetone), 4d (4 · DMF) and 4e (4 · 1,4-dioxane), all being of 1:2 host:solvent stoichiometry ( Fig. 1) . In case of 4, we have been able to grow suitable crystals free of solvent making a reasonable comparison with corresponding inclusion compounds possible. Crystal and refinement data for the studied compounds are summarized in Table 2 . Selected torsion angles of the molecules are listed in Table 3 . Packing properties of the studied inclusion compounds are presented in Table 4 and relevant non-covalent interactions found in the crystal structures involving 3 and 4 are given in the Tables 5 and 6, Regarding 3, most of its inclusion compounds crystallize in the monoclinic space group P2 1 /n (3a-3d) while P2 1 /c and P-1 were found for 3e and 3f, respectively. Due to heavy disorder, the solvent molecules in 3b (pyrrolidine), 3c (acetone) and 3d (DMSO) have been removed from the structures; their asymmetric parts of the unit cell contain only half a host molecule depicted in Figure 2 . In the inclusion compounds 3a and 3f also half an independent host molecule and an independent solvent molecule exist while the asymmetric part of the unit cell in the structure of 3e shows one host and two solvent molecules. Moreover, the 1,4-dioxane molecule in the structure 4e is twice disordered with a site occupancy factor (sof) of 0.63. Packing structures. As shown by the packing property of the studied crystal structures given in Table 4 , it is evident that though all the structures possess a 1:2 host:guest stoichiometry, different parts of the unit cell are occupied by guest molecules. This is not only depending on the guest dimensions but also on the complementary of the host and guest species. With reference to these data, i.e. solvent accessible void (SAV), Kitaigorodskii packing index (KPI) 26 and derived from these data percentaged part of the unit cell and channel size, the DMSO inclusion compound 3d, occupying the largest percentaged part of the structure unit cells (37.9 %), shows accordingly the smallest KPI value of 47.5 % without guest molecules.
Hence, the least closed packing of the studied inclusion compounds is presented of structure Non-relevant H-atoms have been omitted for clarity.
Regarding a more detailed discussion on the molecular arrangement including a description of intermolecular interaction modes, the structures can be specified as follows. In the structure of the inclusion compound 3a with n-BuOH, the host molecules are chain-like connected along the a axis by π···π-interactions 27, 28 Having the opportunity to isolate a suitable solvent free crystal of 4, we have been able to get an insight into the packing behavior of 4 without the influencing control of solvent interaction. In the structure, the two independent diol molecules ( Relating to the cage inclusions 4a and 4b (Fig. 10a,b) , the proton donating Et 2 NH and pyrrolidine guest molecules are involved in hydrogen bond ring motifs with the graph set 
CONCLUSION

Carbonyl addition reactions of benzo[b]thien-2-yl-lithium to corresponding diesters
successfully gave the new diol compounds 3 and 4 in respectable yields of 65 and 75%, respectively. As expected, the replacement of 2-thienyl groups in 2 by the more bulky benzo[b]thien-2-yl moieties in 3 and 4 resulted in a distinctly increased capability of the inclusion of organic solvent molecules via solvent crystallization. This is particularly noticeable in the compound ranges of alcohols (MeOH, EtOH) and dipolar aprotic solvents (EtOAc, DMF, pyridine, THF) being only of minor importance in the inclusions of 2, whereas compared with toluene and chloroform 3 and 4 are remarkably alike 2 in the failure of inclusion. Another striking result is that the host : guest inclusion stoichiometry both of 3 and 4, only excepting for EtOAc, is generally found to be 1 : 2, clearly corresponding to the bifunctionality of the hosts. By contrast, 2 is much less uniform in this respect. 17 As it seems, small differences in the length and space of the core units, either ethynylene or 1,4-phenylene in the molecular structures of 3 and 4 affect only the inclusion of alcohols. X-ray Crystallography. The single crystal X-ray diffraction data of the studied compounds were collected at 100 K on a Bruker Kappa diffractometer equipped with an APEX II CCD area detector and graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) employing φ and ω scan modes. The data were corrected for Lorentz and polarization effects.
1,1,4,4-Tetra(benzo[b]thien-2-yl)but-2-yne-1,4-diol (1
Semiempirical absorption correction was applied using the SADABS program. 38 The SAINT program 38 was used for the integration of the diffraction profiles. The crystal structures were solved by direct methods using SHELXS-97 39 and refined by full-matrix least-squares refinement against F 2 using SHELXL-97. 39 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were positioned geometrically and allowed to ride on their parent atoms. Geometrical calculations were performed using PLATON, 40 and molecular graphics were generated using SHELXTL. 39 In the crystal structures 3b, 3c and 3d, the solvent molecules could not be refined satisfactorily. Therefore they have been removed by the SQUEEZE method 40 of the PLATON program and the structure refinement was completed without solvent molecules. Owing to the low residual electron density of 4b, only the sulfur atom of the second disorder site could be found and was refined isotropic. 
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b Cg1 is defined as geometric center of the aromatic ring C3-C8.
c Cg2 is defined as geometric center of the aromatic ring C11-C16.
d Cg6 is defined as geometric center of the π-bond C14-C15.
e Cg4 is defined as geometric center of the thiophene ring C9-C11, C16 und S2.
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